PITX1 is a bicoid-related homeodomain transcription factor implicated in vertebrate hindlimb development. Recently, mutations in PITX1 have been associated with autosomal-dominant clubfoot. In addition, one affected individual showed a polydactyly and right-sided tibial hemimelia. We now report on PITX1 deletions in two fetuses with a high-degree polydactyly, that is, mirror-image polydactyly. Analysis of DNA from additional individuals with isolated lower-limb malformations and higher-degree polydactyly identified a third individual with long-bone deficiency and preaxial polydactyly harboring a heterozygous 35 bp deletion in PITX1. The findings demonstrate that mutations in PITX1 can cause a broad spectrum of isolated lower-limb malformations including clubfoot, deficiency of long bones, and mirror-image polydactyly.
INTRODUCTION
Malformations of the limbs are common human birth defects. Genetic factors associated with these malformations often result in both upper and lower extremity anomalies. 1 A basic clinical classification differentiates between reduction defects and duplications, the latter most frequently causing pre-or postaxial polydactyly. 2 A rare variant of polydactyly is termed 'mirror-image polydactyly' . This malformation is characterized by a high degree of polydactyly with a recognizable anterior/posterior axis of symmetry, that is, there is a hallux/ thumb-like structure in the middle or an interdigital space with a flanking pair of digits that resemble a middle finger, index finger, thumb, toe or hallux. 3 The most lateral digits on each side typically resemble fifth fingers/toes. This malformation is often observed in combination with duplication of the ulna and/or fibula or with absent radius and/or tibia (hemimelia). The condition is observed as a leading clinical sign in Laurin-Sandrow Syndrome (MIM %135750). 4, 5 A translocation breakpoint in 14q13 within the designated mirror-image polydactyly 1 gene (MIPOL1) has been described in a single case of Laurin-Sandrow syndrome, 6 but the genetic factors underlying mirror-image polydactyly remain largely unknown.
PITX1 encodes a bicoid-transcription factor; mutations in which have previously been reported in a large autosomal-dominant family with a clubfoot malformation. 7 In this family penetrance was reduced and phenotype expression was variable, ranging from complete absence of congenital abnormalities to clubfoot, tibial hemimelia, and duplicated great toes in a single family member. This was the first indication that a broader spectrum of malformations might be due to PITX1 dysfunction.
However, no other patient with tibial hemimelia was identified in this study. Recently, a second family with a deletion of the entire PITX1 gene (chr5: 134 222 383-134 463 022, NCBI36/hg18) was reported in another multi-generation family with dominantly inherited clubfoot, where no additional malformations were present. 8 Here, we report heterozygous deletions of 5q31 including the PITX1 locus in two fetuses with lower-limb malformations including tibial hemimelia and mirror-image polydactyly. An intragenic deletion in PITX1 was found in a third individual with a similar phenotype of tibial hemimelia but a milder polydactyly with some mirror elements.
METHODS Subjects
Written informed consent was obtained from all the study participants after approval from the Institutional Review Boards at the participating institutions.
Sequencing
The coding exons of PITX1 (NM_002653.4) and adjacent intronic sequences were amplified and sequenced. The primer sequences are given in Supplementary Table 2 . Analysis was performed with SeqPilot software (JSI Medical Systems, Kippenheim, Germany). Four hundred control chromosomes were genotyped for the c.765_799del variant using the identified mutant chromosome as positive control.
Quantitative real-time PCR (qPCR)
Genomic DNA samples were obtained from EDTA-blood. Amplicons were located within the PITX1 coding sequence and flanking regions (Supplementary Table 2 ). qPCR was performed as previously described. 9 Fluorescence in situ hybridization (FISH)
FISH analysis was performed on metaphase chromosomes according to standard procedures. The following BAC clones were used: D5S23/D5S721 (control probes), EGR1 (detection probe) (Vysis, Abbott Park, IL, USA).
Array CGH
Total genomic DNA was purified by QIAamp DNA Blood Kit (QIAGEN, Hilden, Germany). Processing of the array (restriction digestion, fluorescent labeling, hybridization, washing, and scanning) was done in accordance with manufacturer's instructions (Agilent Oligonucleotide Array-Based CGH for Genomic DNA, Enzymatic Labelling for Blood (v6.3)). Extraction of microarray TIFF images had been done by 'Feature Extraction' and the following data analysis was done by the software 'Genomic Workbench 5.0' and 'CGH analytics' (both Agilent Technologies, Santa Clara, CA, USA). The following analysis settings were applied: algorithm ADM-2, filter 5 probes, log2ratio 0.29. The arrays used were: Human Genome CGH microarray kit 105A and 244K oligonucleotide array (Agilent Technologies).
RESULTS
The first case we investigated was a fetus that had been diagnosed with high-degree polydactyly, hypoplasia of the corpus callosum, enlargement of the cisterna magna, and cardiomegaly. The fetus was stillborn at 34-weeks gestation after a sudden deceleration in fetal heart rate. Postmortem clinical examination revealed a small median cleft-palate, bilateral popliteal pterygia, talipes equinovarus together with mirrorimage polydactyly with eight digits on each foot. The upper limbs did not show any abnormalities (Figure 1, case 1) . Dysmorphic features included low-set ears, downslanting palpebral fissures, mild hypertelorism, and a flat nasal bridge. Array CGH analysis of DNA from amniotic fluid cells revealed a heterozygous 5.7 Mb deletion on chromosome 5q31.1-q31.2 (arr 5q31.1q31.2 (132 560 606-138 352 212)x1; NCBI36/hg18). This region contains 53 protein-coding genes, among them the bicoid-related homeodomain transcription factor PITX1 (Supplementary Table S1 ). The deletion was verified using FISH in metaphases from cultured amniocytes with a regionspecific BAC probe ( Figure 1 and Supplementary Figure 2) and by quantitative PCR with amplicons located in exon 2 and 3 of PITX1. The deletion was not found in parental blood samples as confirmed by array CGH and FISH suggesting a de novo occurrence.
The second case ( Figure 1 , case 2) had undergone ultrasound examination at 15 weeks gestation that had revealed a single lower leg bone on the left as well as mirror-image polydactyly of the right foot together with bilateral clubfoot. The upper limbs did not show any abnormalities. In this patient, array CGH analysis of amniotic fluid cell DNA showed a heterozygous deletion of 4.9 Mb on 5q31 including PITX1 (arr 5q31.1q31.2 (133 200 000-138 080 000)x1; NCBI36/hg18). The parents opted for termination of pregnancy.
To try to further elucidate the role of PITX1 in complex lower-limb malformations, eight individuals diagnosed with isolated higher degree polydactyly/mirror-image polydactyly and/or tibial hemimelia, but normally developed upper extremities underwent molecular genetic testing of PITX1. Direct sequencing of the coding exons of PITX1 as well as quantitative PCR with probes in exon 2 and 3 of the gene was performed. In one individual with bilateral preaxial polydactyly, talipes equinovarus and right tibial hemimelia we identified a heterozygous deletion of 35 bp in exon 3 of PITX1 (c.765_799del) (Figure 1, case 3, and Supplementary Figure 1) . This frameshift mutation at position 256 of the 314 amino-acid protein encoded by PITX1 is predicted to cause a stop codon after incorporation of 303 additional irrelevant amino acids (p.Ala256ArgfsX303). The mutation was absent from lymphocyte DNA of the healthy mother and from 400 control chromosomes. DNA from the father was not available for molecular genetic testing. This frameshift mutation removes the C-terminal part of the protein and results in the loss of a 14 aminoacid motif, designated as OAR domain. This motif was suggested to trigger DNA binding and transactivation. 10 Thus, the mutation is highly likely to be pathogenic and thus supports a role for PITX1 in complex lower-limb malformation.
DISCUSSION
Evidence from several vertebrate species indicates that the transcription factor Pitx1 is a key molecule in limb-specific morphogenesis. Targeted disruption of Pitx1 in mice results in abnormalities of the hindlimb such as the fibula and tibia having equivalent diameters, loss of the patella and abnormalities of the calcaneous bone. This and the finding that Pitx1 is expressed only in the hindlimb suggested a role in the determination of hindlimb morphology and identity. [11] [12] [13] [14] The hypothesis was supported by studies performed in chick and mouse showing that misexpression of Pitx1 in forelimbs results in the adoption of hindlimb characteristics. 14, 15 In fish, pelvic loss in different natural populations of stickleback fish has occurred through regulatory mutations deleting a tissue-specific enhancer of Pitx1 and demonstrates an evolutionary change in vertebrates via this genomic region. 16 In humans, a missense mutation (p.E130K) in PITX1 has been shown to segregate with dominantly inherited clubfoot with reduced penetrance in a large kindred, together with unilateral tibial hemimelia and preaxial polydactyly in one individual in this family. 7 The mutation is located in the DNA-binding domain of the protein and revealed reduced transactivation in a reporter gene assay.
A second family with dominantly inherited clubfoot was recently reported to harbor a 241 kb deletion including PITX1. 8 Interestingly, no signs of polydactyly or hemimelia were observed in this multigeneration family. The pathogenesis of PITX1 in clubfoot was further supported by the finding that a subset of heterozygous Pitx1 knockout mice displayed clubfoot. 8 Our findings add considerable weight to the observation that PITX1 deletions can cause a spectrum of lower-limb malformations including aplasia of long bones and high-degree polydactyly. Interestingly, the CT-scan of case 1 also showed that the tibia and fibula become more alike and show a similar diameter, a feature that was also found in Pitx1 À/À mice. 17 The findings also extend the phenotypic spectrum to include mirror-image polydactyly as variant of polydactylies. Of note, however, full mirror-image polydactyly was only present in the fetuses with larger genomic aberrations and therefore we cannot fully exclude that other genes in the deleted genomic region might cause, or at least influence this particular phenotype. As there is increasing evidence that copy number changes in non-coding genomic elements are implicated in bone disorders, 18, 19 deletions of non-coding regulatory elements upstream or downstream of PITX1 might also account for the clinical variability observed.
The digit number and identity along the anterior/posterior axis is controlled by signals from the zone of polarizing activity (ZPA) at the posterior margin of the limb bud. One of the key players in this scenario is the signaling molecule sonic hedgehog (SHH), which is expressed in the ZPA. In polydactylies, misregulation of SHH has been shown to be a crucial factor as demonstrated by mutations in the ZPA regulatory sequence of SHH, a non-coding regulatory sequence element located in 1 Mb distance of the SHH gene. 20 Copy number variations and point mutations in this regulatory region have been associated with a broad spectrum of polydactylies. 19 This overlapping clinical phenotype suggests an interplay between the Hedgehog pathway and PITX1 in humans.
However, the situation might be different between men and mice. Pitx1 À/À mice do not show a polydactyly indicating that Pitx1 does not interfere to a significant degree with Shh signaling in the mouse. This hypothesis is corroborated by Shh expression analysis showing normal patterns of Shh expression in the ZPA of Pitx1 À/À mice. 12 Only a combined inactivation of Pitx1 and Pitx2 resulted in abnormal Shh expression and Pitx1 overexpression in the forelimb caused downregulation of Shh, 14 indicating some degree of interaction between the pathways. A similar discrepancy between mouse and human phenotypes has been observed for WNT7A. In humans, mutations in WNT7A result in severe limb truncations whereas inactivation in the mouse causes defects in dorsal-ventral patterning. 21 In summary, our findings further define the role of PITX1 in human limb development and illustrate that a spectrum of malformations is associated with PITX1 haploinsufficiency.
